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RFID INTERROGATOR WITH IMPROVED 
SYMBOL DECODING AND SYSTEMS BASED 

THEREON 

This application claims the bene?t of provisional applica 
tion Ser. No. 60/764,111 ?led Feb. 1, 2006 Which is hereby 
incorporated by reference herein in its entirety. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates broadly to Wireless communication 

systems and, more particularly, to demodulation and decod 
ing of a backscatter radio frequency signal in a radio fre 
quency identi?cation system. 

2. State of the Art 
Radio Frequency Identi?cation (RFID) systems are used 

for identi?cation and/or tracking of equipment, inventory, or 
living things. RFID systems are radio communication sys 
tems that communicate betWeen a radio transceiver, called an 
Interrogator, and a number of inexpensive devices called 
Tags. The objectives of RFID systems are to design a reliable 
and secure architecture, and to minimize the total cost of the 
Interrogator and the Tags, While meeting the system perfor 
mance requirements. 

In RFID systems, the Interrogator communicates to the 
Tags using modulated radio signals, and the Tags respond 
With modulated radio signals. For doWnlink communication 
from the Interrogator to a Tag, the Interrogator transmits a 
modulated radio signal that encodes the Interrogator’s mes 
sage. The Tag receives the modulated radio signal and 
demodulates and decodes the Interrogator’s message there 
from. For uplink communication from a Tag to the Interroga 
tor, the Interrogator transmits a continuous-Wave (CW) car 
rier signal. The CW carrier signal can be a frequency-hopping 
spread-spectrum (FHSS) carrier signal as is Well knoWn, 
thereby enhancing the system’s ability to operate in a multi 
path environment. The Tag modulates the CW carrier signal 
using modulated backscattering operations Whereby the 
antenna is electrically sWitched from being an absorber of RF 
radiation to being a re?ector of RF radiation, thereby encod 
ing the Tag’s information onto the CW carrier signal. The 
Interrogator receives the incoming modulated CW carrier 
signal and demodulates and decodes the Tag’s information 
message therefrom. The uplink and doWnlink communication 
occurs in a half-duplex manner such that a Tag Will not per 
form communication While it is Waiting for communication 
from an Interrogator and also Will not interpret communica 
tion from the Interro gator While it is communicating. The Tag 
can be a passive-type tag that obtains its operating energy by 
rectifying the RF energy transmitted by the Interrogator and 
received at the Tag’s antenna. Alternatively, the Tag can be a 
semi-passive tag (sometimes referred to as semi-active tag) 
that is equipped With at least one battery to provide operating 
energy to the Tag. 
As described above, the Interro gator operates to receive the 

re?ected and modulated CW carrier signal and demodulate 
and decode the Tag information message encoded therein. 
Typically, such functionality is accomplished by homodyne 
detection Wherein the received signal is ampli?ed With a loW 
noise ampli?er Whose output is mixed by a quadrature mixer 
that uses the same RF signal source as the transmit function 
ality. The in-phase (I) and quadrature (Q) components output 
from the quadrature phase mixer are ?ltered and processed by 
a data recovery circuit. The data recovery circuit can be real 
iZed in many different Ways including both analog, digital and 
hybrid analog/digital implementations. Typically, these 
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2 
implementations perform integrate and dump operations 
Whereby the signal energy of the I component and/or Q com 
ponent is (are) accumulated during a symbol period. The 
accumulated value(s) is (are) supplied to a symbol decision 
comparator that produces the demodulated data stream. An 
example of such a receiver implementation is described in 
US. Pat. No. 6,456,668 to MacLellan et al. 

Disadvantageously, the integrate and dump methodology 
of the prior art receiver designs has poorperformance because 
it provides limited knowledge of the energy of the signal as 
Well as the noise process of the communication channel. 
These limitations reduce the signal to noise ratio of the 
receiver sub system, Which results in increased signal poWer at 
the Tag (or decreased read range of the system) in order to 
maintain a prescribed bit error rate. The increased signal 
poWer at the Tag is typically realiZed by a larger Tag antenna, 
Which increases the siZe and costs of the Tag. 

Therefore, there remains a need in the art for RFID Inter 
rogators and RFID systems based thereon that provide 
improved receiver performance (i.e., an improved signal to 
noise ratio) Which alloWs for reduced signal poWer at the Tag 
(or a larger read range of the system) While maintaining a 
prescribed bit error rate. Such improved receiver performance 
advantageously Will not require an increase in the siZe and 
cost of the Tag. 

SUMMARY OF THE INVENTION 

It is therefore an object of the invention to provide an RFID 
Interrogator and RFID systems based thereon that provide 
improved receiver performance (i.e., an improved signal to 
noise ratio). Such improved performance alloWs for reduced 
signal poWer at the Tag (or a larger read range of the system) 
While maintaining a prescribed bit error rate. The reduction of 
signal poWer at the Tag alloWs for smaller and less costly Tag 
designs While maintaining the prescribed bit error rate of the 
system. 

It is another object of the invention to provide such an 
RFID Interrogator and Systems based thereon that employ a 
form of biphase encoding for uplink communication from the 
Tag to the Interrogator. 

It is a further object of the invention to provide such an 
RFID Interrogator and Systems based thereon that employ a 
form of a modulated subcarrier encoding for uplink commu 
nication from the Tag to the Interrogator. 

In accord With these objects, Which Will be discussed in 
detail beloW, an improved Interrogator is provided for use in 
a radio frequency identi?cation system Wherein at least one 
tag modulates a radio frequency signal by modulated back 
scatter operations. The modulated radio frequency signal 
transmitted by the at least one tag encodes an uplink message 
that is represented by a sequence of symbols each corre 
sponding to at least one bit of the uplink message. The symbol 
sequence is transmitted at a symbol rate With a corresponding 
symbol period. The Interrogator includes a transmitter that 
transmits the radio frequency signal and a receiver that 
receives, demodulates and decodes the modulated radio fre 
quency signal in order to recover the uplink message therein. 
The receiver includes a symbol decoder that decodes a given 
symbol by operating onportions of a component of the modu 
lated radio frequency signal that are received over an 
extended processing WindoW. The extended processing Win 
doW is signi?cantly greater than the symbol period. In the 
preferred embodiment of the present invention, the extended 
processing WindoW has a time duration that is tWo times the 
symbol period and includes a ?rst part (e.g., —T/2 to 0) that 
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precedes the symbol period for the given symbol and a second 
part (e.g., T to 3T/2) that follows the symbol period for the 
given symbol. 

It Will be appreciated that such processing provides 
improved receiver performance (i.e., an improved signal to 
noise ratio). Such improved performance alloWs for reduced 
signal poWer at the Tag (or a larger read range of the system) 
While maintaining a prescribed bit error rate. The reduction of 
signal poWer at the Tag alloWs for smaller and less costly Tag 
designs While maintaining the prescribed bit error rate of the 
system. 

According to one embodiment of the invention, the symbol 
decoder includes reference signal generation means for gen 
erating at least one reference signal that varies over a time 
duration corresponding to the extended processing WindoW, 
multiplication means for sampleWise multiplication of por 
tions of the component of the modulated radio frequency 
signal With portions of the at least one reference signal; and 
accumulation means for accumulating results of the multipli 
cation means over the extended processing WindoW. In digital 
implementations, the sampleWise multiplication may be real 
iZed by changing the sign of samples of the modulated radio 
frequency signal component in accordance With the reference 
signal(s) portions. 

According to another embodiment of the invention, the 
symbol decoder employs multiple signal processing paths for 
carrying out odd symbol processing in parallel With even 
symbol processing. 

According to yet another embodiment of the invention, the 
symbol decoder employs signal processing paths that each 
employ a respective storage cell for storing the accumulation 
results from the previous processing WindoW. The stored 
accumulation results are added to the accumulation results of 
the current processing WindoW for carrying out symbol pro 
cessing in the extended processing WindoW. 

Additional objects and advantages of the invention Will 
become apparent to those skilled in the art upon reference to 
the detailed description taken in conjunction With the pro 
vided ?gures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a functional block diagram of an RFID system in 
Which the present invention can be embodied. 

FIG. 2A is a pictorial illustration depicting amplitude shift 
keying modulation. 

FIG. 2B is a pictorial illustration depicting phase shift 
keying modulation. 

FIGS. 3A1 and 3A2 are pictorial illustrations of the data-0 
and data-1 symbols, respectively, of an FMO baseband Wave 
form, Which may be used for Tag-to-Interrogator signaling in 
the RFID system of FIG. 1. 

FIG. 3B is a pictorial illustration of symbol sequences of an 
FMO baseband Waveform, Which may be used for Tag-to 
Interrogator signaling in the RFID system of FIG. 1. 

FIG. 4A is a pictorial illustration of the data-0 and data-1 
symbols of a Miller-modulated Waveform, Which may be 
used for Tag-to-Interrogator signaling in the RFID system of 
FIG. 1. 

FIG. 4B is a pictorial illustration of symbol sequences of a 
Miller-modulated Waveform, Which may be used for Tag-to 
Interrogator signaling in the RFID system of FIG. 1. 

FIG. 5A is a pictorial illustration of a preamble Waveform 
that precedes each Query command as part of Interrogator 
to-Tag signaling in the RFID system of FIG. 1. 
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4 
FIG. 5B is a pictorial illustration of a frame-synch Wave 

form that precedes other commands (e. g., Select, ACK, Read, 
Write, Kill) as part of Interrogator-to-Tag signaling in the 
RFID system of FIG. 1. 

FIGS. 6A and 6B are pictorial illustrations of tWo different 
preamble Waveforms that precede one or more reply data 
?elds as part of Tag-to-Interrogator signaling in the RFID 
system of FIG. 1 in those instances Where FMO Tag-to-Inter 
rogator signaling is employed. 

FIG. 6C is a pictorial illustration of an end-of-signaling 
Waveform that terminates FMO Tag-to -Interro gator signaling. 

FIGS. 7A and 7B are pictorial illustrations of tWo different 
sets of preamble Waveforms that precede one or more reply 
data ?elds as part of Tag-to-Interrogator signaling in the 
RFID system of FIG. 1 in those instances Where Miller 
modulated Tag-to-Interrogator signaling is employed. 

FIG. 7C is a pictorial illustration of an end-of-signaling 
Waveform that terminates Miller-modulated Tag-to-Interro 
gator signaling. 

FIG. 8 is a functional block diagram of a digital implemen 
tation of the data recovery circuit of FIG. 1 in accordance With 
the present invention. 

FIG. 9A is a pictorial illustration of a composite SO basis 
function, Which is the composite of the SO-odd basis function 
of FIG. 9B and the SO-even basis function of FIG. 9C. 

FIG. 9B is a pictorial illustration of an SO-odd basis func 
tion, Which corresponds to the data:0 symbol of the FMO 
signal format and Which is used for decoding of odd symbols 
in the data recovery circuit of FIG. 8. 

FIG. 9C is a pictorial illustration ofan SO-even basis func 
tion, Which corresponds to the data:0 symbol of the FMO 
signal format and Which is used for decoding of even symbols 
in the data recovery circuit of FIG. 8. 

FIG. 10A is a pictorial illustration of a composite S 1 basis 
function, Which is the composite of the S l-odd basis function 
of FIG. 10B and the Sl-even basis function of FIG. 10C. 

FIG. 10B is a pictorial illustration of an S l-odd basis func 
tion, Which corresponds to the data:1 symbol of the FMO 
signal format and Which is used for decoding of odd symbols 
in the data recovery circuit of FIG. 8. 

FIG. 10C is a pictorial illustration of an Sl-even basis 
function, Which corresponds to the data:l symbol of the FMO 
signal format and Which is used for decoding of even symbols 
in the data recovery circuit of FIG. 8. 

FIGS. 11A to 11E are signal Waveforms that describe the 
signal processing operations carried out by the data recovery 
circuit of FIG. 8. 

FIG. 12 illustrates an analog implementation of the data 
recovery circuit of FIG. 8 With like numerals designating 
analog-forms of the signal processing functionality shoWn 
therein. 

FIG. 13 illustrates an alternate embodiment of the data 
recovery circuit of FIG. 1 in accordance With the present 
invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Turning noW to FIG. 1, there is shoWn an RFID system 10 
that embodies the present invention. The RFID system 10 
includes an Interrogator 12 that operates to read information 
from a Tag 14 a?ixed to a sensor, container, rack, pallet, or 
object (not shoWn). Typically, the Tag 14 is moved across the 
reading ?eld of the Interrogator 12, although the Tag 14 may 
be stationary and the Interrogator 12 may be moving, or both 
may be moving or stationary. The reading ?eld is de?ned as 
that volume of space Within Which successful communica 
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tions between the Interrogator 12 and the Tag 14 can take 
place. While the Tag 14 is in the reading ?eld, the Interrogator 
12 and the Tag 14 must complete their information exchange 
before the Tag 14 moves out of the reading ?eld. 

The Interrogator 12 includes a Processor 16 that typically 
interfaces to a host system 18 (e.g., a Workstation or possibly 
a netWork interface that provides for communication to a 
remote system via a data network). The Processor 16 man 
ages the communication interface betWeen the Interrogator 
12 and the Tag 14. The host system 18 interfaces With the 
Processor 16 and directs the communication betWeen the 
Interrogator 12 and the Tag 14. In response to control com 
mands supplied by the host system 18, the Processor 16 
generates commands (e.g., Select, Query, Read, Write, Kill) 
that are formatted and encoded Within a DoWnlink Informa 
tion Signal 20 to be sent to the Tag 14. Signal Source 22 
generates a continuous-Wave RF carrier signal With a center 
frequency designated fc. Modulator 24 modulates the DoWn 
link Information Signal 20 onto the continuous-Wave RF 
carrier signal, and the Transmitter 26 sends this modulated RF 
signal via Antenna 28 to the Tag 14. 
The Tag 14 includes an Antenna 51 (for example, a loop or 

patch antenna) that receives the modulated RF carrier signal. 
This signal is demodulated to a baseband signal using a detec 
tor/modulator (not shoWn), Which is typically realiZed by a 
single Schottky diode. The diode should be appropriately 
biased With the proper current level in order to match the 
impedance of the diode and theAntenna 51 such that losses of 
the radio signal are minimiZed. The result of the diode detec 
tor is essentially a demodulation of the incoming signal 
directly to baseband. The binary levels of the baseband signal 
together With the relevant timing information (e.g., the bit 
clock) are recovered from the baseband signal to thereby 
reproduce the DoWnlink Information Signal 20. This infor 
mation is typically supplied to a processor (not shoWn), Which 
is typically realiZed by an inexpensive 4-bit or 8-bit micro 
processor, that processes the DoWnlink Information Signal 20 
to recover the particular command therein. The microproces 
sor then performs certain operations that are dictated by the 
particular command and generates a reply corresponding 
thereto. For example, the microprocessor typically performs 
memory access operations that retrieves identi?cation data 
(e. g., EPC data) stored in persistent memory in response to a 
Read command, and adds the retrieved identi?cation data to 
the reply. The reply is formatted and encoded Within an 
Uplink Information Signal 40 to be sent from the Tag 14 back 
to the Interrogator 12. The Tag modulates the received CW 
carrier signal using modulated backscattering operations 
Whereby the antenna is electrically sWitched from being an 
absorber of RF radiation to being a re?ector of RF radiation. 
Such modulated backscatter operations modulate the Uplink 
Information Signal 40 onto the received CW carrier signal. 
The Interrogator 14 receives the incoming modulated CW 
carrier signal via antenna 30, demodulates and decodes the 
Uplink Information Signal 40 therefrom, extracts the Tag’s 
reply message from the Uplink Information Signal 40, and 
processes the Tag’s reply message in order to determine sub 
sequent control operations, all as described in detail herein 
after 

In the preferred embodiment, the doWnlink and uplink 
communications betWeen the Interrogator 12 and Tag 14 (in 
cluding the physical layer, data-coding methodology, com 
mand and response structure, and collision arbitration 
scheme) are carried out in accordance With a standardized air 
interface speci?cation promulgated by EPCglobal Inc. 
entitled “Class-1 Generation 2 UHF RFID Protocol for Com 
munications at 860 MHZ-960 MHZ”, Which is summarized 
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6 
and referred to beloW as the EPCglobal UHF protocol. The 
speci?cation can be doWnloaded from http://WWWepcglo 
balinc.org/standards_technology/EPCglobalClass-1Genera 
tion-2UHFRFIDProtocolV109.pdf and is herein incorpo 
rated by reference in its entirety. 

In accordance With the EPCglobal UHF protocol, doWn 
link communication from the Interrogator 12 to the Tag 14 is 
carried out by the Radio Signal Source 22 generating an RF 
carrier in the frequency range betWeen 860 MHZ and 960 
MHZ. The Processor 16 and modulator 24 cooperate to modu 
late the RF carrier in accordance With the DoWnlink Informa 
tion Signal 20 using one of three Well-knoWn amplitude 
modulation schemes (i.e., Double-Side-Band Amplitude 
Shift Keying (DSB-ASK), Single-Side-Band Amplitude 
Shift Keying (SSB-ASK), Phase-Reversal Amplitude Shift 
Keying (PR-ASK)). The DoWnlink Information Signal 20 
utiliZes a pulse-interval encoding (PIE)) format. The Trans 
mitter 26 transmits the modulated RF carrier over the Antenna 
28. The Tag 14 is capable of receiving the modulated RF 
carrier and demodulating all three amplitude modulation 
schemes and decoding the pulse-interval encoded Waveforms 
of the DoWnlink Information Signal 20. The Tag 14 is a 
passive-type tag that receives its operating energy from the 
modulated RF carrier transmitted by the Interro gator 12. The 
Radio Signal Source 22 may generate a frequency-hopping 
spread-spectrum (FHSS) carrier signal in order to enhance 
the system’s ability to operate in a multipath environment. 
The Tag 14 stores a ?eld-programmable 96-bit electronic 
product code (EPC) along With other data (e.g., KILL and 
ACCESS passWords, user-de?ned data). 

Uplink communication from a Tag to the Interrogator is 
carried out by the Radio Signal Source 22, Modulator 24 and 
Transmitter 26 cooperating to transmit via the Antenna 28 a 
continuous-Wave RF carrier in the frequency range betWeen 
860 MHZ and 960 MHZ. The CW carrier signal can be a 
frequency-hopping spread-spectrum (FHSS) carrier signal as 
is Well knoWn, thereby enhancing the system’s ability to 
operate in a multipath environment. As previously men 
tioned, the Tag 14 modulates the CW carrier signal using 
modulated backscattering operations Whereby the antenna is 
electrically sWitched from being an absorber of RF radiation 
to being a re?ector of RF radiation, Which modulates the 
Tag’s Uplink Information Signal 40 onto the CW carrier 
signal. 
The modulated backscattering operations employ either 

amplitude shift keying (ASK) modulation or phase shift key 
ing (PSK) modulation. ASKmodulation is a modulation tech 
nique Whereby the CW carrier signal is multiplied by a digital 
signal f(t) as shoWn in FIG. 2A. Mathematically, the modu 
lated CW carrier signal s(t) is given by the folloWing expres 
s1on: 

s(z):f(z)sin(2nfcz+¢). 

PSK is modulation technique that alters the phase of the CW 
carrier signal. Mathematically, the modulated CW carrier 
signal s(t) is given by the folloWing expression: 

s(l):sin(2nfc+¢(l)). 

Binary phase-shift-keying (BPSK) utiliZes only tWo phases, 0 
and at. It is therefore a type of ASK With f(t) taking the values 
—1 or 1. Quadrature phase-shift-keying (QPSK) has four 
phases, 0, 31/2, at, and 3 31/2. M-ary PSK has M phases, given 
by 2 rum/M With m:0, 1, . . . (M-1). Binary phase-shift keying 
is shoWn in FIG. 2B. 
The Tag 14 encodes its Uplink Information Signal 40 as 

either an FMO baseband Waveform or a Miller-modulated 

subcarrier Waveform. The FMO symbols and sequences are 
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shown in FIGS. 3A1, 3A2 and 3B. The FMO baseband Wave 
form inverts the baseband phase at every symbol boundary 
With the data-0 symbol having an additional mid-symbol 
phase inversion. The Miller-modulated subcarrier symbols 
and sequences are shoWn in FIGS. 4A and 4B, respectively. 
The baseband Miller signal inverts its phase betWeen tWo 
data-0 symbols in sequence and also places a phase inversion 
in the middle of a data-1 symbol. The Miller-modulated sub 
carrier Waveform is generated by multiplying the baseband 
Miller signal With a square Wave at M times the symbol rate. 
Thus, the M:2 Miller-modulated subcarrier Waveform con 
tains 2 subcarrier cycles per bit, the M:4 Miller-modulated 
subcarrier Waveform contains 4 subcarrier cycles per bit, and 
the M:8 Miller-modulated subcarrier Waveform contains 8 
subcarrier cycles per bit. 
The receiver subsystem of the Interrogator 12, Which is 

described beloW in more detail, is capable of demodulating an 
ASK modulated carrier signal or a PSK modulated carrier 
signal. The receiver subsystem receives the incoming modu 
lated CW carrier signal and demodulates the modulated CW 
carrier signal to generate in-phase and quadrature signals. 
The binary levels of the in-phase and quadrature signals 
together With the relevant timing information (e.g., the bit 
clock) are recovered therefrom to thereby reproduce the 
Uplink Information Signal 40. The Processor 16 recovers the 
Tag’s reply message from the Uplink Information Signal 40. 
The Processor 16 selects the encoding scheme (FMO base 
band encoding or one of the three Miller-modulated subcar 
rier schemes) and the data rate of the Uplink Information 
Signal 40 by means of a command (i.e., Query command) 
communicated from the Interrogator 12 to the Tag 14 via the 
DoWnlink Information Signal 20. 

The Interro gator 12 and the Tag 14 communicate With one 
another by a pre-arranged signaling scheme Whereby the 
Interro gator 12 transmits one or more commands (referred to 
beloW as Interrogator-to-Tag signaling) and Waits for certain 
replies from the one or more Tags of the system (referred to 
beloW as Tag-to-Interrogator signaling). Such reply messages 
can include randomly-generated data (RN16, Which is 16 bits 
randomly-generated by the Tag), protocol control data (PC 
data ?eld), identi?cation data (EPC data) stored by the Tag, 
and error detection data (CRC data) generated by the Tag. 
More than one Tag may reply to an Interrogator’s Query 
command. In this case, the Interrogator 12 may resolve the 
collision and issue an ACK command to the selected Tag. 
Alternatively, the Interrogator 12 may not resolve the colli 
sion and issue a QueryAdjust, QueryRep or NAK command, 
Which alloWs for arbitration of the collided Tags. 

The Processor 16 initiates Interrogator-to-Tag signaling by 
cooperating With the Signal Source 22, Modulator 24 and 
Transmitter 26 to transmit via the Antenna 28 a predeter 
mined preamble Waveform or a predetermined frame-sync 
Waveform. The preamble Waveform comprises a ?xed-length 
start delimiter, a data-0 symbol, an RT calibration Waveform, 
and a TR calibration Waveform as shoWn in FIG. 5A. The 
frame-sync Waveform is identical to the preamble Waveform 
With the TR calibration Waveform omitted as shoWn in FIG. 
5B. In FIGS. 5A and 5B, “Tari” is a reference time interval 
(preferably betWeen 6.25 us and 25 us) for Interrogator-to 
Tag doWnlink signaling and is the duration of the data-0 
symbol. The duration of the data-1 symbol is in a range 
betWeen 1.5*Tari and 2.0*Tari. The pulse of the data-0 sym 
bol and the data-1 symbol occurs at the end of the respective 
symbol With a pulseWidth PW that is preferably less than 
0.525*Tari and greater than the maximum of 0.265*Tari and 
2 us. The duration of the RT calibration Waveform is equal to 
the duration of the data-0 symbol plus the duration of a data-1 
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8 
symbol, Which provides a total duration in a range betWeen 
2.5 *Tari and 3 .0*Tari. The Tag measures the length of the RT 
calibration Waveform and uses this measurement for inter 
preting subsequent symbols communicated from the Interro 
gator to the Tag. The preamble Waveform of FIG. 5A precedes 
each Query command transmitted from the Interro gator 12 to 
the Tag 14. The frame-synch Waveform of FIG. 5B precedes 
all other commands (e.g., Select, ACK, Read, Write, Kill) 
transmitted from the Interrogator 12 to the Tag 14. 

For uplink communications employing FMO baseband sig 
naling, the Tag 14 initiates Tag-to-Interrogator signaling by 
generating one of the tWo preambles shoWn in FIGS. 6A and 
6B. The preamble selection is dictated by the value of a 
predetermined bit (i.e., the TRext bit) in the Query command 
communicated from the Interro gator 12 to the Tag 14. The “v” 
shoWn in the FIGS. 6A and 6B indicates a signaling violation 
(i.e., a phase inversion should have occurred but did not). The 
end of the FMO Tag-to-Interrogator signaling ends With a 
“dummy” data-1 symbol as shoWn in FIG. 6C. The data rate 
of the FMO Tag-to-Interrogator signaling can vary betWeen 
40 kbps and 640 kbps. This data rate is selected by the Inter 
rogator by the length of the TR calibration Waveform (FIG. 
5A) and a predetermined bit (i.e., the DR bit) in the Query 
command communicated from the Interrogator 12 to the Tag 
14. 

For uplink communication employing Miller-modulated 
subcarrier signaling, the Tag 14 initiates Tag-to-Interrogator 
signaling by generating one of the six preambles shoWn in 
FIGS. 7A and 7B. The preamble selection is selected by the 
value of predetermined bits (i.e., the TRext bit and the 2-bit M 
?eld) in the Query command communicated from the Inter 
rogator 12 to the Tag 14. The end of the Miller-modulated 
subcarrier Tag-to-Interrogator signaling ends With a 
“dummy” data-1 symbol as shoWn in FIG. 7C. The data rate 
of the Miller-modulated subcarrier Tag-to-Interrogator sig 
naling can vary betWeen 5 kbps and 320 kbps. This data rate 
is selected by the Interrogator 12 by the length of the TR 
calibration Waveform (FIG. 5A) and predetermined bits (i.e., 
the DR bit and the 2-bit M ?eld) in the Query command 
communicated from the Interrogator 12 to the Tag 14. 

Returning back to FIG. 1, the receiver subsystem of the 
Interro gator employs homodyne detection Wherein the modu 
lated RF carrier signal is received at the Antenna 30 and 
ampli?ed With a loW noise ampli?er 32 Whose output is mixed 
by a quadrature mixer 34 that uses the same RF signal source 
22 as the transmit functionality. The in-phase (I) and quadra 
ture (Q) components output from the quadrature phase mixer 
34 are loW-pass ?ltered (blocks 36A, 36B) to generate an 
in-phase signal rc(t) and a quadrature signal rS(t) that encode 
the FMO Waveform or Miller subcarrier Waveform. A data 
recovery circuit 38 processes the rc(t) and rs(t) signals in order 
to decode the FMO or Miller- subcarrier Waveform therein and 
recover the bit clock timing related thereto, thereby reproduc 
ing the Tag’s Uplink Information Signal 40. The data recov 
ery circuit 38 can be realized in many different Ways includ 
ing analog, digital, and hybrid analog/digital 
implementations. 

FIG. 8 illustrates an exemplary embodiment of a digital 
implementation of the data recovery circuit 38 for decoding 
the FMO Waveform and recovering the bit clock timing of the 
FMO Waveform according to the invention. The implementa 
tion includes analog-to-digital conversion circuitry (blocks 
702A, 702B) that sample the rc(t) and rS(t) signals preferably 
at more than tWice the Nyquist frequency (i.e., more than 
tWice the data rate of the FMO signaling, Which can vary 
betWeen 40 kbps and 640 kbps). In the preferred embodiment, 
the rc(t) and rs(t) signals are sampled at eight times the data 
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rate of the FMO signaling. The in-phase samples and the 
quadrature phase samples, Which are each represented by a 
binary NRZ value [1, —1], are stored in sample buffers 704A 
and 704B, respectively. The in-phase samples and the quadra 
ture phase samples are supplied to a symbol clock recovery 
block 706 that processes the time-sequential samples to gen 
erate a symbol clock signal that is substantially synchronous 
to the transitions betWeen symbols in the FMO Waveform. 
Thus, the symbol clock signal has a rate that corresponds to 
the data rate of the FMO Waveform. Such symbol clock recov 
ery can be accomplished in many different Ways Well knoWn 
in the communications arts. More particularly, preamble pro 
cessing is employed for initial synchronization (including 
signal parameter estimation and symbol timing). Typically, a 
conventional correlation algorithm (or a simple zero-crossing 
algorithm) provides precise estimation of symbol timing. 
During data transmission, one or more synchronization track 
ing algorithms may be used for timing adjustment. These 
algorithms are typically based on closed-looped estimators 
that employ narroW-bandWidth ?ltration. Details of these 
symbol synchronization mechanisms is described in detail in 
Proakis, “Digital Communications”, McGraW-Hill, 2000, 
Section 6.3, herein incorporated by reference in its entirety. 

According to the invention, the symbol stream encoded in 
the FMO Waveform can be logically partitioned into a 
sequence of odd/even symbol pairs. The even symbols corre 
spond to particular in-phase samples rc(2k) of the rc sample 
buffer and also correspond to particular quadrature phase 
samples rs(2k) of the rs sample buffer, Where k is an integer 
sequence 0, 1, 2, 3, . . . . The odd symbols correspond to the 

particular in-phase samples rc(2k+1) of the rc sample buffer 
and also correspond to particular quadrature phase samples 
rs(2k+l) of the rs sample buffer. In the preferred embodiment 
Where the rc(t) and rS(t) signals are sampled at eight times the 
data rate of the FMO signaling, each odd symbol corresponds 
to eight successive in-phase samples and eight successive 
quadrature phase samples, While each even symbol corre 
sponds to the next eight successive in-phase samples and the 
next eight successive quadrature phase samples. For each 
odd/even symbol pair, the odd symbol occurs Within a time 
interval betWeen 0 and T and the even symbol occurs Within 
a time interval betWeen T and 2T. The duration of these time 
intervals is inversely proportional to the data rate of the FMO 
Waveform, Which is selected by doWnlink communication 
from the Interrogator 12 to the Tag 14. 

The symbol clock signal generated by the symbol clock 
recovery block 706 is used in eight signal processing paths 
that operate to decode an odd/even symbol pair in parallel. 
Four of the eight paths process the in-phase samples (block 
71 0A) While the other four paths process the quadrature phase 
samples (block 710B). 
The four paths that process the in-phase samples (block 

710A) can be logically divided into tWo groups With tWo 
paths per group. In accord With the invention, one group 
operates on in-phase samples that fall Within an extended 
processing WindoW corresponding to the —T/2 to 3T/2 time 
interval for the odd symbol of the pair (blocks 712A1 and 
712A2). The other group operates on in-phase samples that 
fall Within an extended processing WindoW corresponding to 
the T/2 to 5T/ 2 time interval for the even symbol of the pair 
(blocks 712A3 and 712A4). 

Similarly, the four paths that process the quadrature phase 
samples rs(k) (block 710B) can be logically divided into tWo 
groups With tWo paths per group. One group (not shoWn) 
operates on quadrature phase samples that fall Within an 
extended processing WindoW corresponding to the —T/2 to 
3T/2 time interval for the odd symbol of the pair. The other 
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10 
group (not shoWn) operates on quadrature phase samples that 
fall Within an extended processing WindoW corresponding to 
the T/ 2 and ST/ 2 time interval for the even symbol of the pair. 

In the ?rst path (blocks 712A1 and 714A1), the in-phase 
samples that fall Within the —T/2 to 3T/2 processing WindoW 
are sampleWise multiplied by an S0 odd symbol basis func 
tion. In the digital domain (block 712A1), these operations 
are carried out by changing the sign of the in-phase samples in 
accordance With the value of the corresponding part of the SO 
odd symbol basis function (FIG. 9B) as folloWs: 

Sample Basis function Sign-adjusted Sample 

1 (Sign Flips) 
—1 (No Change) 
—1 (Sign Flips) 
1 (No Change) 

The results of the sampleWise multiplication are accumu 
lated. In the digital domain, this operation is carried out by 
summing the sign-adjusted in-phase samples over the —T/ 2 to 
3T/2 processing WindoW. The result of the accumulation 
denoted ZcO odd is then squared in block 714A1. Altema 
tively, the absolute value of the accumulation result ZcO odd 
may be calculated in block 714A1. 

In the second path (blocks 712A2 and 714A2), the in-phase 
samples that fall Within the —T/2 to 3T/2 processing WindoW 
are sampleWise multiplied by an S 1 odd symbol basis function 
(FIG. 10B). In the digital domain (block 712A2), these opera 
tions are carried out by changing the sign of the in-phase 
samples in accordance With the value of the corresponding 
part of the S 1 odd symbol basis function as set forth above. 
The results of the sampleWise multiplication are accumu 
lated. In the digital domain, this operation is carried out by 
summing the sign-adjusted in-phase samples over the —T/ 2 to 
3T/2 processing WindoW. The result of the accumulation 
denoted Z6l odd is then squared in block 714A2. Altema 
tively, the absolute value of the accumulation result Z6l odd 
may be calculated in block 714A2. 

In the third path (blocks 712A3 and 714A3), the in-phase 
samples that fall Within the T/2 to 5T/2 processing WindoW 
are sampleWise multiplied by the SO even symbol basis func 
tion (FIG. 9C). In the digital domain (block 712A3), these 
operations are carried out by changing the sign of the in-phase 
samples in accordance With the value of the corresponding 
part of the SO even symbol basis function as set forth above. 
The results of the sampleWise multiplication are accumu 
lated. In the digital domain, this operation is carried out by 
summing the sign-adjusted in-phase samples over the T/2 to 
5T/2 processing WindoW. The result of the accumulation 
denoted ZcO even is then squared in block 714A3. Altema 
tively, the absolute value of the accumulation result Z6O even 
may be calculated in block 714A3. 

In the fourth path (blocks 712A4 and 714A4), the in-phase 
samples that fall Within the T/2 to 5T/2 processing WindoW 
are sampleWise multiplied by an S 1 even symbol basis func 
tion (FIG. 10C). In the digital domain (block 712A4), these 
operations are carried out by changing the sign of the in-phase 
samples in accordance With the value of the corresponding 
part of the S 1 even symbol basis function as set forth above. 
The results of the sampleWise multiplication are accumu 
lated. In the digital domain, this operation is carried out by 
summing the sign-adjusted in-phase samples over the T/2 to 
5T/2 processing WindoW. The result of the accumulation 
denoted Z6l even is then squared in block 714A4. Altema 














